We demonstrate how a mechanical point-contact technique can provide information on the wavenumber of spin waves excited by high-density electrical current in magnetic multilayers. By varying the size of point-contacts, we have been able to control the size of the excitation volume and therefore the wavelength of current-induced spin waves. This leads to a technique with in situ sensitivity to wavenumbers of current-induced excitations. Our detailed size-dependent measurements support the prediction that the excited wavelength is determined by the contact size.
Introduction
It is well known that the magnetic state of a ferromagnet can be affected by high-density electric current via the spin-transfer-torque (STT) effect.
1,2 For instance, current was shown to induce spin waves, precession, and reversal of magnetization in magnetic multilayered structures. [3] [4] [5] [6] Today, a variety of resistance measurements generate a vast amount of data on such STT excitations, including experiments at high frequencies (1-60 GHz), which provide valuable information on their frequency characteristics. [7] [8] [9] [10] Probing spatial characteristics (eg, wavenumber) of the excitations, however, represents an experimental challenge. For instance, Slonczewski 11 has argued that the currentinduced wavelength is determined by the size of the excitation region where current density is high and, thus, we would require a technique capable to probe magnetization on a nanometer scale. Recently ultrafast X-ray microscopy was used to directly visualize the current-induced reversals in magnetic nanopillars with cross-sectional areas .10 4 nm 2 . 12 Excitation regions with sizes down to ∼10 3 nm 2 were probed in experiments with lithographic point-contacts. 13 Here we present an experimental technique which exploits mechanical point-contacts and allows in situ tuning of the excitation region down to 10 2 nm 2 in size. Mechanical point-contacts were instrumental both for our original observation of current-induced excitations 3 and in providing the first data on frequencies of the currentinduced spin waves. 7 In this paper, we describe how such contacts can be used to infer indirect information about the wavenumber (or wavelength) of spin waves induced by the current. By varying the size of point-contacts, we have been able to control the size of the excitation volume and therefore the wavelength of current-induced excitations. This leads to a technique with in situ sensitivity to the wavelength of excitations. Our detailed size-dependent measurements of the current-induced spin waves and analysis
Materials and methods
Our [cobalt (1.5 nm)/copper (2 nm)] 20 multilayered films were fabricated by radio frequency (RF) magnetron sputtering in an ultra-high-vacuum compatible system (base pressure 2 × 10 −9 Torr). The films were sputtered in 5 mTorr of argon onto silicon substrates. The usual current-in-plane magnetoresistance was measured (not shown) to be about 5%. Point contacts to the multilayer film were made with a standard system 3, 14, 15 where a sharpened copper wire (tip) was carefully brought into contact with the film using a differential screw mechanism. The resulting contact area can be estimated from the measured contact resistance, assuming a combination of ballistic and diffusive electron transport through the contact, 14, 15 as described later. For a typical contact of 10 Ω, this gives an extremely small area of about 10 2 nm 2 , enabling current densities up to 10 13 A/m 2 to be injected into the multilayer. We, and others, have observed such high densities to produce a step-increase in contact resistance corresponding to the onset of spin-wave excitations. Figure 1 shows an example of such behavior for a fixed contact size. Solid traces show variations of the contact resistance R as a function of the bias current I recorded at different applied magnetic fields B. The measurements were taken at room temperature (295°K) and in out-of-the-plane magnetic fields larger than the saturation field of the multilayer (∼1.5 T). The insert to Figure 1 shows that the critical bias current I c (B), where the step-increase in R occurs, shifts linearly with B, similar to our original observations, 3 at liquid helium temperature (4.2°K).
In our present experiment, we are able to vary the pointcontact size in a single experimental run. According to predictions, 1,2 the contact size defines the wavelength of the current-induced excitations and also the slope and intercept of I c (B). Thus, measuring the dependence of I c (B) on the contact size would provide indirect information on the current-driven wavelength. Next, we describe how the size of a point-contact is controlled in our experiments.
As mentioned above, a mechanical point-contact is created when a sharp metal tip is brought into contact with a multilayer sample. After establishing the initial contact (usually small) between the tip and the sample surface, the contact size can be varied (increased) by further pressing the tip to the multilayer film. The extent of the damage to the film is controlled by relative mechanical strength of the tip and the multilayer sample. By choosing a soft tip (copper) it is possible to minimize the damage to the sample and constrain most of deformations within the tip. The tip material is further softened by Joule heating when a high current is applied to the contact. The increase in contact size is inferred from the decrease in contact resistance, which is monitored throughout the heating procedure. This method provides a means to increase the contact size in a highly controllable manner. However, the process is irreversible, as we can only increase, not decrease, the contact size.
Using the above method to vary the size of a point-contact, we have measured I c (B) for contacts with areas ranging from 10 In what follows, we first describe how the contact size is defined from the measured contact resistance, then explain how the I c (B) data can be used to recover the wavelength of the current-driven excitations, and finally make a direct comparison of our results with theory.
Discussion
The problem of contact resistance, or more generally, of electron transport through the contact has been studied for 
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Wavenumbers of current-induced excitations more than a century. Maxwell 16 found the resistance of a circular point-contact of radius a between two large conductors when the electron mean-free-path l is much smaller than a (diffusive regime): R M = ρ/2a, where ρ is the resistivity of conductors. Sharvin 17 calculated that the point-contact resistance in the ballistic regime (l .. a) -R S = 4ρl/3πa 2 , where ρl ≈ 1 fΩ m 2 , is a similar constant for most metals. 18 Nikolic and Allen 19 obtained an exact result for an arbitrary ratio l/a, that interpolates between Maxwell resistance in the diffusive and Sharvin resistance in the ballistic regime. An approximate expression for contact resistance R can be written as:
where Γ(K) is a slowly varying function of the Knudsen number K = l/a, with Γ(K = 0) = 1 and Γ(K = ∞) = 0.694. Since our measurements were done at room temperature and most likely l ,, a, we use Γ = 1 in our estimations. For the contact in Figure 2 , Equation 1 gives a increasing from 8 nm (for R = 10.8 Ω ) to 24 nm (for R = 2.4 Ω). By comparing the measured I c (B) dependence with the one predicted by theory, it is possible to infer the wavelength λ of the current-induced excitations. First, we obtain a slope α and intercept β of the linear fit to I c (B) data (see Figure 2) . For instance, for R = 2.4 Ω, the linear fit gives I c = αB + β = 15.4 × 10 −4 (A/T) × B + 6.0 × 10 −4 (A). The measured values of α and β can now be compared with theory, where the slope α′ and/or intercept β′ of the I c = α′B + β′ dependence are expected to depend on the excitation's wavelength λ. Next, we show how three different theoretical models for the current-induced excitations can be used to elucidate λ from our data.
The first model we explore for wavelength calculations is the original spin-torque model by Slonczewski. 1, 11 Here, the critical current I c to induce spin waves in an unbounded ferromagnetic film is given as a function of applied field B and contact radius a (Eq. 13 in reference 21):
where B eff = B − µ 0 M s , t is thickness of the excited layer, α G damping parameter, ε spin-polarization parameter, A exchange stiffness, and M s saturation magnetization. The model assumes that λ is equivalent to a. Using t = 1.5 × 10 −9 m, α G = 0.05, ε = 0.5, A = 1 × 10 −11 J/m, and M s = 1.45 × 10 6 A/m (all for cobalt), we have α′ = 2.09 × 10 −6 λ 2 nm 2 and β′ = 1.07 × 10 −3 -3.8 × 10 −6 λ 2 nm 2 . Here both slope α′ and intercept β′ depend on λ and may be used to find λ from experimental data.
The second model we use for wavelength calculations explores Berger's condition for the current-induced emission of spin waves in a ferromagnetic/non-magnetic (F/N) metal multilayer. 2 Here, the energy for the spin waves comes from conduction electrons whose spin-up and spin-down Fermi surfaces are shifted (in k-space) in the direction of the current flow by a different amount due to a difference between the spin-up (σ ↑ ) and spin-down (σ ↓ ) conductivities in F. These shifts produce shifts of the local spin-up (∆µ ↑ ) and spin-down (∆µ ↓ ) Fermi levels at a given point of the Fermi surface. The resulting difference between ∆µ ↑ and ∆µ ↓ in the direction of the current flow is given by Eq. 23 in reference 2:
where 
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where D is stiffness (510 meVÅ 2 for cobalt), g is Lande factor (2.170 for cobalt), and µ B is Bohr magneton, and using 
Finally, our third calculation uses ∆µ deduced from the solution of the diffusion equation for ∆µ ↑ and ∆µ ↓ 22 as originally proposed for current-induced excitations in:
where j is the current density, σ F and σ N are F and N conductivities, Λ F and Λ N are spin diffusion lengths in F and N, and α F is the spin asymmetry coefficient in F. Assuming room temperature parameters for F = cobalt and N = copper: σ σ . . . λ (7) which, along with equations 2 and 5, may be used to find λ from our experimental data in Figure 2 , as we show next. Figure 3 shows the results of our wavelength calculations. The solid line shows how the contact radius a depends on the contact resistance R according to Sharvin-Maxwell relation (Eq. 1) and will serve us as a reference. The filled symbols show the wavelength λ of current-driven spin waves calculated within Slonczewski's spin-torque model (Eq. 2) using our data from Figure 2 . The filled squares were obtained from the data for the slope α′ and mostly fall higher than the contact size a(R) dependence. The filled triangles are from the data for the intercept β′ and mostly fall below a(R). The possible reason for the latter is the following: when calculating the effective field B eff = B − µ 0 M S , we assumed that the F-film's magnetization M s is fully out-of-plane. However, in reality, the magnetization is precessing and tilted away from this perpendicular-to-plane orientation that should result in a larger effective field and, thus, larger λ. For sufficiently large angles of precession, β′ in Eq. 2 should be nearly independent of the contact size. The open symbols in Figure 3 are the spin-wave wavelengths λ calculated from the ∆µ ω =  condition. The open triangles show λ calculated within Berger's model (Eq. 5). These symbols fall the closest to the reference a(R) curve. The open squares show λ obtained from Eq. 7. They all fall below the corresponding contact radius a. Since here we assumed a 100% efficiency of converting ∆µ into the spin-wave energy, it is expected that λ (R) will be somewhat larger for a lower efficiency realized in our room temperature experiment. Overall, the analysis of our data using all three theoretical models suggests that the wavelength λ of the current-induced spin waves is close to the size of our point-contact.
Conclusion
In conclusion, we have presented a new experimental technique which provides a means to vary the size of a mechanical point-contact in situ in a single experimental run. We have used the technique to perform size-dependent measurements of the current-induced excitations (spin waves) in magnetic multilayers. Analysis of our experimental data based on three different theoretical models for the excitations suggests that the wavelength of spin waves induced by an electrical current in a point-contact is determined by the contact size. This information is of importance for possible realizations of on-chip communications based on spin-wave-bus technology. 
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